Plasma gelsolin (pGSN) binds actin and bioactive mediators to localize inflammation. Low pGSN correlates with adverse outcomes in acute injury, whereas administration of recombinant pGSN reduces mortality in experimental sepsis. We found that mean pGSN levels of 150 patients randomly selected from 10,044 starting chronic hemodialysis were 140 Ϯ 42 mg/L, 30 to 50% lower than levels reported for healthy individuals. In a larger sample, we performed a case-control analysis to evaluate the relationship of pGSN and circulating actin with mortality; pGSN levels were significantly lower in 114 patients who died within 1 yr of dialysis initiation than in 109 survivors (117 Ϯ 38 mg/L versus 147 Ϯ 42 mg/L, P Ͻ 0.001). pGSN levels had a graded, inverse relationship with 1-yr mortality, such that patients with pGSN Ͻ130 mg/L experienced a Ͼ3-fold risk for mortality compared with those with pGSN Ն150 mg/L. The 69% of patients with detectable circulating actin had lower pGSN levels than those without (127 Ϯ 45 mg/L versus 141 Ϯ 36 mg/L, P ϭ 0.026). Compared with patients who had elevated pGSN and no detectable actin, those with low pGSN levels and detectable actin had markedly increased mortality (odds ratio 9.8, 95% confidence interval 2.9 to 33.5). Worsening renal function correlated with pGSN decline in 53 subjects with CKD not on dialysis. In summary, low pGSN and detectable circulating actin identify chronic hemodialysis patients at highest risk for 1-yr mortality.
Although chronic hemodialysis has markedly reduced the acute mortality of ESRD patients, these patients still die at a markedly accelerated rate, principally from cardiovascular events and recurrent infections. [1] [2] [3] Patients with ESRD exhibit muscle depletion, malnutrition, hypoalbuminemia, and manifestations of diffuse tissue injury, and these parameters strongly correlate with early mortality. 4 -10 However, the specific factors linking wasting and inflammation with accelerated mortality remain under investigation. 11 The extracellular actin binding proteins include vitamin D binding protein and plasma gelsolin (pGSN). 12 pGSN also inactivates bioactive lipid mediators including lysophosphatidic acid, 13 lipopolysaccharide endotoxin, 14 and platelet-activating factor. 15 pGSN is measurable in healthy individuals (approximately 190 to 300 mg/L, Supplementary Table 2 ) as a secreted variant of a cellular protein involved in the regulation of changes in cell shape. 16, 17 Many cell types secrete pGSN, but striated muscle accounts for most pGSN production. 18 pGSN contributes to removing actin when injected into the circulation of experimental animals, and levels of pGSN fall after acute injuries, consistent with the release of actin in circulation after tissue damage. 12,19 -22 A highly evolutionarily conserved actin-and in-flammatory mediator-binding protein present in diverse species from Drosophila to humans suggests that it functions to localize inflammatory and immune reactions to sites of injury. 23 Local depletion of pGSN due to tissue damage and exposure of cytoplasmic actin, one of the most abundant body proteins, enables inflammatory mediators to locally exert adaptive defense and repair functions, whereas a reservoir of circulating pGSN prevents these mediators from injuring organs away from the primary site of insult.
Extensive injuries, however, may compromise the inflammation-localizing function of pGSN by depleting it because of excessive actin exposure. Consistent with this hypothesis, critical extents of pGSN level reductions predict adverse clinical outcomes, including death, in patients subjected to acute injuries such as major trauma or surgery, burns, or hematopoietic stem cell transplantation. 20 -21 Here we report that a critical level of pGSN depletion, measured at the initiation of chronic hemodialysis, correlates with the highest risk for 1-yr mortality in patients initiating chronic hemodialysis and that the presence of circulating actin markedly increases this risk. In addition, pGSN concentrations decline with deteriorating renal function in chronic kidney disease. These findings potentially link the pathophysiologies of protein-energy wasting, inflammation, and tissue injury and mortality in ESRD via low circulating muscle-derived pGSN. Because partial or complete repletion of depleted pGSN stores alleviates inflammatory manifestations and reduces mortality in experimental tissue injury, 24 -26 pGSN depletion is a potentially modifiable risk factor in this setting.
RESULTS

Baseline Characteristics
The initial random sample of 150 incident chronic kidney disease patients represented 148 separate dialysis centers across the United States and its baseline characteristics (Supplementary Table 1 ) resemble larger populations at hemodialysis initiation. 27 Figure 1A shows the distribution of baseline pGSN levels, the means of which were 140 Ϯ 42 mg/L; only 2 (1%) patients' levels were at or above approximately 250 mg/L, the mean level reported in healthy volunteers (Supplementary Table 2). pGSN levels correlated inversely with age (r ϭ Ϫ0.18, P ϭ 0.01) and directly with baseline measures of muscle mass and nutrition, such as serum creatinine (r ϭ 0.27, P Ͻ 0.001) and albumin levels (r ϭ 0.34, P Ͻ 0.001). The correlation between pGSN and body mass index was 0.02 (P ϭ 0.81). The levels did not differ by sex: men, 140 Ϯ 48 mg/L; women, 140 Ϯ 31 mg/L (P ϭ 0.90). When baseline high-sensitivity C-reactive protein (hsCRP) levels were examined in tertiles, those with the lowest levels of hsCRP demonstrated the highest levels of pGSN: tertile 1, hsCRP Ͻ12 mg/L, pGSN 145 Ϯ 39 mg/L; tertiles 2 and 3, hsCRP Ն12 mg/L, pGSN 131 Ϯ 53 mg/L, P ϭ 0.048). Linear regression analyses confirmed that only serum albumin independently correlated with pGSN levels (P Ͻ 0.001). Table 2 ). (B and C) Kaplan-Meier analysis of 1-yr survival according to baseline pGSN levels categorized by (B) the median level and (C) tertiles.
CLINICAL RESEARCH www.jasn.org pGSN levels were dichotomized at the median level (P ϭ 0.04, Figure 1B ) or examined in tertiles (P ϭ 0.01, Figure 1C ). Among those that died within 1 yr, the median day of death was 154 d (IQR 68 to 233 d).
Patient Characteristics and 1-Yr Mortality
We analyzed the case-control sample of 223 patients (baseline characteristics in Table 1 ) to examine the risk factors for 1-yr survival. Those who died were slightly older, more likely to have a venovenous catheter as initial vascular access (compared with arteriovenous fistula or graft), had lower serum albumin and creatinine levels, and higher white blood cell counts, consistent with previous reports of hemodialysis mortality. 27 Mean pGSN levels were significantly lower in patients who died (117 Ϯ 38 mg/L) compared with survivors (147 Ϯ 42 mg/L, P Ͻ 0.001). Baseline pGSN levels did not differ between cardiovascular (n ϭ 59, 116 Ϯ 41 mg/L) and infectious (n ϭ 55, 117 Ϯ 34 mg/L, P ϭ 0.91) deaths.
Multivariable Analysis of Mortality
In the model examining all-cause mortality, for every 10-mg/L reduction in baseline pGSN, the risk for subsequent mortality was increased by 15% [95% confidence interval (CI), 7 to 23%]. The lowest baseline levels (tertile 3, pGSN Ͻ130 mg/L) were associated with the highest risk for 1-yr all-cause and infection-related mortality ( Table 2) . The results for cardiovascular causes of death were less significant. In these analyses, hsCRP did not significantly associate with 1-yr mortality. In addition, serum creatinine, which was significant with univariate analysis, was no longer significant once the model was adjusted for pGSN. We then examined the effect of serum albumin on the multivariable models and noted that although the point estimates for each tertile of pGSN were modestly larger without serum albumin, the level and direction of significance did not change by adding serum albumin. Alternatively, including or excluding pGSN gave the following results with serum albumin:
• Excluding pGSN:
• tertile 1 (serum albumin Ͻ3.2 mg/dl), odds ratio (OR) 3.0, 95% CI 1.1 to 6.4 • tertile 2 (3.2 to 3.6 mg/dl), OR 1.1, 0.5 to 2.4 • tertile 3 (Ͼ 3.6 mg/dl), OR 1.0 (reference).
• Including pGSN:
• tertile 1, OR 2.0, 95% CI 0.8 to 4.9
• tertile 2, OR 1.0, 0.5 to 2.4; tertile 3, OR 1.0 (ref). When serum albumin was modeled as a continuous variable, it remained significant even after adjustment for pGSN (excluding pGSN, OR 0.32 for each 1 mg/dl increase of serum albumin, 95% CI 0.15 to 0.67; including pGSN, OR 0.39, 95% CI 0.18 to 0.83). Therefore, addition of pGSN to the models attenuated but did not extinguish, the association between serum albumin and mortality.
pGSN, Circulating Actin, and Mortality
Polypeptides comigrating with purified actin were clearly visible as discrete bands by Western blot of uremic serum and verified as actin by mass spectrometry (data not shown). Sixtynine percent of patients had circulating actin at baseline, and diabetic renal failure patients were more likely to have circulating actin (85%) than patients with other causes of renal failure (59%, P Ͻ 0.001). Compared with those with no actin, pGSN levels were lower in patients with actin (141 Ϯ 36 mg/L versus 127 Ϯ 45 mg/L, respectively, P ϭ 0.02) (Figure 2A ), consistent with previous results in sepsis samples. 26 In univariate analysis, detectable circulating actin conferred 3.5-fold (95% CI 1.9 to 6.4) odds for 1-yr death. This relationship persisted with multivariable analyses (OR 4.6, 95% CI 2.0 to 10.5). The presence of diabetic renal failure, which significantly associated with early mortality upon univariate analyses (OR 1.8, 95% CI 1.1 to 3.0), became nonsignificant after adjusting for circulating actin (OR 1.3, 95% CI 0.7 to 2.3). Given that pGSN binds actin released by tissue damage and may abrogate actin-induced injury, 12,28 -30 we hypothesized that low pGSN and elevated actin would increase risk of adverse outcomes. We dichotomized pGSN (by median levels), and the formal test for effect modification with the interaction term (pGSN ϫ detectable actin) in a multivariable model was significant (P ϭ 0.03) ( Figure 2B ). The combined parameters, low pGSN and detectable actin, associated synergistically rather than additively with risk of death.
Venovenous Catheter and Mortality
We sought additional effect modifications by including interaction terms (e.g., pGSN ϫ covariate) in multivariable models with covariates of interest. The only additional interaction suggested was vascular access type (P ϭ 0.04). Although venovenous catheter vascular access associates with an increased risk for early mortality, 31 deciphering those most susceptible to death has been challenging. Patients initiating hemodialysis with a catheter (129 Ϯ 49 mg/L) or with an arteriovenous fistula or graft (136 Ϯ 32 mg/L, P ϭ 0.24) did not differ at baseline by pGSN levels, nor by the frequency of circulating actin (71 versus 68%, respectively, P ϭ 0.67). Nevertheless, a venovenous catheter appeared to influence 1-yr mortality risk (Table 3) . Among patients with a venovenous catheter, those with low pGSN and detectable circulating actin had a marked increase in overall mortality compared with those with high pGSN and no detectable actin (OR 25.9, 95% CI 4.3 to 157.0).
pGSN, Circulating Actin, and Chronic Kidney Disease pGSN levels correlated directly with estimated GFR (r ϭ 0.39, P ϭ 0.003) in subjects with chronic kidney disease not on dialysis (Supplementary Figure 1) . Men (153 Ϯ 43 mg/L) tended to have higher levels of pGSN compared with women (136 Ϯ 52 mg/L, P ϭ 0.09). Levels in late stages of kidney disease (e.g., stages 3 and 4) were comparable to those found at the initiation of chronic hemodialysis. However, these levels were significantly lower than in samples obtained from stages 1 and 2 (P ϭ 0.002) (Supplementary Figure 2) . The frequency of circulating actin was 11% in this predialysis cohort, in contrast to 69% in the dialysis cohort (P Ͻ 0.001).
DISCUSSION
Patients initiating hemodialysis have pGSN levels reduced to an average 30 to 50% lower than those found in healthy controls. pGSN declines with progressive renal disease, suggesting mechanisms upstream of chronic dialysis initiation account for pGSN reduction. After the initiation of chronic hemodialysis, pGSN demonstrated a graded, inverse relationship with adverse outcomes-the lower the level, the higher the risk for 1-yr mortality. The findings represent the first chronic condition in which low pGSN levels relate to adverse outcomes, a finding previously limited to acute illnesses.
pGSN sequestration at sites of injury or clearance with circulating actin are the principal causes of decreased pGSN concentrations after acute insults. These factors presumably also contribute to diminished pGSN in ESRD; however, impairment of synthesis may be important. For example, uremia is characterized by increased activity of the ubiquitin-protea- 
some pathway, 6 and recently increased activity of this pathway has been linked to increased degradation of cGSN, the intracellular isoform of pGSN. 32 Moreover, because the molecular weight of pGSN is approximately 93 kDA, pGSN is unlikely to be cleared by hemodialysis. As highlighted in Figure 3 , the combination of decreased production and increased consumption due to ongoing tissue injury in dialysis patients is most likely the etiology of the decreased circulating levels of pGSN in end-stage renal failure subjects. pGSN synthesis is constitutive and does not increase like acute-phase reactants in inflammation. 25 Because muscle is a major source of pGSN, correlations with serum albumin and creatinine suggest that protein-energy wasting characteristic of ESRD contributes to pGSN reduction. 4 ,6,8,33-37 pGSN attenuates the otherwise strong relationship between serum creatinine and albumin and hemodialysis mortality, 4 suggesting at least a partial overlap between these parameters in explaining mortality.
Patients at greatest risk for death with the lowest pGSN levels were those with detectable circulating actin. Actin has been detectable in plasma of patients with acute lung or liver injury, 12 patients with severe trauma, and even in healthy blood donors. 38 Circulating actin in over two-thirds of hemodialysis patients is consistent with widespread tissue injury and excess muscle protein catabolism reported in patients with ESRD. 6, 7, 39, 40 Most (85%) patients with diabetic renal failure, a group with widespread endothelial cell injury and markedly elevated mortality rates, [41] [42] [43] had circulating actin, and it was interesting to find that adjustment for circulating actin eliminated the relationship between diabetes status and mortality that has been previously reported. 44 Circulating actin has been documented in patients with acute respiratory distress syndrome 28 and in animal models of sepsis (Supplemental Table  2 ). 26 In contrast to pGSN depletion, detectable circulating actin was far less prevalent in advanced renal disease before dialysis, suggesting that dialysis itself, possibly resulting from acute hemodynamic fluxes or dialysis membrane bioincompatibilies, 45 may contribute to tissue damage, thereby releasing actin into the circulation. pGSN depletion may link muscle wasting, tissue injury, inflammation, and death due to cardiovascular events and sepsis in ESRD. pGSN depletion may indeed characterize other chronic wasting states. pGSN avidly binds inflammatory mediators including platelet-activating factor, lysophosphatidic acid, lipoteichoic acid, aß peptide, and lipopolysaccharide endotoxin and decreases the effects of these agonists on target cells. 13, 15, 46, 47 Loss of buffering of these mediators due to pGSN depletion could exacerbate vascular disease and its contribution to mortality. Toxic effects of circulating actin on the vasculature might also be important. 28, 48 No evidence exists that pGSN depletion predisposes to infection per se; rather, pGSN deficiency may worsen the outcome of superimposed infection. 21, 22, 26 Low pGSN and circulating actin conferred a markedly increased risk for early mortality in catheter compared with graft-or fistula-managed patients. Attenuation of pGSNЈs ability to disrupt actin-containing biofilms may be one mechanism by which low pGSN and elevated actin predispose to adverse outcomes in catheter-instrumented patients. 49, 50 Moreover, actin impairs the activity of the leukocyte-derived cationic antimicrobial polypeptides known as defensins. 30 With the incidence of ESRD likely increasing, 51 it is interesting to speculate that measuring pGSN levels and testing for circulating actin may help predict outcomes, assess which patients should not undergo catheter instrumentation, identify dialysis methods to reduce tissue injury or patients in need of more aggressive dialysis, or prioritize patients for transplantation. Our findings also suggest a novel therapeutic option: recombinant pGSN has been produced in Escherichia coli and administered by various routes to inflammation and infectionchallenged test animals with the apparent absence of adverse ϪpGSN) ; no detectable actin (ActinϪ); detectable actin (Actinϩ): ϪpGSN, Actinϩ, OR 9.8, 95% CI 2.9 to 33.5; ϩ pGSN, Actinϩ, OR 3.6, 95% CI 1.0 to 13.5; ϪpGSN, ActinϪ, OR 1.6, 95% CI 0.3 to 7.7; ϩpGSN, ActinϪ, OR 1.0 (reference). * P ϭ 0.05, ** P ϭ 0.003.
effects and with the amelioration of adverse outcomes. 24 -26 If our results are confirmed and found to be generalizable, pGSN repletion to restore the "pGSN-actin imbalance" in chronic hemodialysis patients may attenuate the marked morbidity and mortality risk faced by such patients. Given that this is the first description of circulating pGSN depletion and actin detection in dialysis patients, further validation of the findings with high throughput pGSN and actin assays is necessary to justify pursuing the utility of pGSN measurement and replacement in this disease.
We acknowledge that residual and unmeasured confounders are limitations for all observational studies, and although we included subjects from over 100 U.S. dialysis centers, further validation is necessary in a larger population of comparable patients. These larger studies will better define traditional test characteristics for both pGSN and circulating actin. Errors in International Classification of Diseases (ICD)-9-based outcomes can misrepresent causes of death, although venovenous catheter exposure is accurately documentable, and our data strongly support the hypothesis that pGSN deficiency may pathophysiologically relate to infection-related deaths.
CONCISE METHODS
Study Population and Participants
We used a case-cohort design to examine hemodialysis patients. We first measured pGSN levels and circulating actin in plasma samples collected between 0 and 14 d after initiating hemodialysis from 150 randomly selected patients of the 10,044 enrolled prospectively between July 1, 2004 and June 30, 2005 in the Accelerated Mortality on Renal Replacement (ArMORR) cohort. 52, 53 Patients were from 1 of 1056 dialysis Muscle is the major source of pGSN biosynthesis, and the reduction of muscle mass associated with chronic renal failure predictably would reduce net pGSN production. The failure to eliminate toxins in renal failure causes widespread tissue destruction (especially endothelial), leading to exposure of cytoplasmic actin into the plasma and pGSN sequestration in broken cells. In addition, release of inside-out membrane vesicles with attached actin filaments from damaged cells would result in detectable circulating actin, and circulating actin accelerates pGSN clearance. Low pGSN results in impaired buffering of inflammatory mediators such as platelet-activating factor, promoting vascular complications and rendering patients susceptible to the lethal effects of sepsis.
units by Fresenius Medical Care, North America (Waltham, MA) that compiles patient demographics, laboratory tests, intravenous therapies, and clinical outcomes and enters the data into a central database at the point of care with rigorous quality assurance/quality control auditing. 54, 55 Of these 150 random patients, 41 (27%) died within 365 d and 109 survived for at least 365 d. To increase power in mortality analysis, we supplemented the original 150 random patients with 75 additional incident dialysis patients who died within 365 d (n ϭ 116 total patients) to create a case-control sample of an approximate 1:1 ratio with a total of 225 patients. We prespecified inclusion of a similar number of cardiovascular-and infection-related deaths (defined below) to examine in an unbiased fashion the relationship with each outcome. Subsequently, 2 patients had insufficient blood samples and were excluded, leaving 223 patients. With this case-control sample, we had over 80% power to detect an OR of at least 2 among patients with low (i.e., lowest tertile) compared with high levels. We also measured pGSN and circulating actin in 53 outpatients at various stages of chronic kidney disease. 56 We calculated GFRs using the Modification of Diet in Renal Disease equation and classified stages of kidney disease according to the National Kidney Foundation recommendations. 57 
Measurements
All samples (patients and controls) were collected, shipped, and stored in a similar manner, and each underwent one freeze-thaw cycle. pGSN levels remain stable even after long storage periods. We quantified pGSN with a previously described 22, 26 functional fluorimentric assay based on pGSNЈs acceleration of the initial rate of actin polymerization (actin nucleation assay) reported by increased fluorescence of pyrene actin, 58 which is directly proportional to pGSN concentration and detects total pGSN irrespective of whether free or complexed to actin or other pGSN ligands. pGSN concentrations were estimated from a standard curve using purified recombinant human pGSN synthesized in E. coli. The assay coefficient of variation was 12%, and all measurements were performed with the supervising investigator and laboratory technician blinded to the outcomes.
For measurements of circulating actin, plasma samples were diluted 1:10-fold in PBS and electrophoresed using E-PAGE 48 8% gel system (Invitrogen, Carlsbad, CA). Western blotting for ␤-actin was performed using primary anti-␤-actin antibodies (AC-15, Sigma, St. Louis, MO) and probed with horseradish peroxidase-linked anti-rabbit IgGs (Santa Cruz Biotechnology, Santa Cruz, CA). The presence of ␤-actin was defined as the appearance of discrete bands comigrating with purified rabbit skeletal muscle actin (Cytoskeleton, Denver, CO). The identity of the actin on the Western blots was confirmed by subjecting ten randomly selected samples to mass spectrometry (Beth Israel Deaconess Medical Center Mass Spectrometry Core Facility).
The primary exposure was baseline pGSN levels, and the primary outcome was 1-yr overall mortality. We examined pGSN as a continuous and dichotomized (on the basis of median levels in the random sample) variable and categorized by tertiles. In addition to overall mortality, we utilized ICD-9 codes to define outcomes with cardiovascular (e.g., died of diseases of the circulatory system, ICD-9 390 to 459.9; hypertensive diseases, 401 to 405; ischemic heart disease, 410 to 414; acute myocardial infarction, 410; and cerebrovascular disease, 430 to 438) and infectious causes of mortality (e.g., bacterial, fungal, and viral pneumonias, ICD-9 480.0 to 487.8; empyema, 510.0; lung abscess, 513.0; sepsis, severe sepsis, and septic shock, 038, 995 to 996, 785). We confirmed death by discharge diagnosis reports.
The primary covariate of interest was detectable circulating actin in plasma. Other covariates included age, race, sex, body mass index, assigned cause of renal failure (e.g., diabetes, hypertension, GN), blood pressure, vascular access at initiation (arteriovenous fistula or graft, or venovenous catheter), and dialysis dose (Kt/V) as in prior analyses. 54, 55 We analyzed baseline blood levels of albumin, creatinine, calcium, phosphorus, platelet and white blood cell counts, and hsCRP (Dade Behring).
Statistical Analysis
We summarized baseline characteristics of the initial 150 patient sample, expressing means (ϮSD) and medians as IQR (IQR 25 to 75%). We utilized Spearman correlation coefficients for the association between routine laboratory tests and pGSN levels and to examine the association between pGSN levels and estimated GFRs of chronic kidney disease patients not on dialysis. We used linear regression models to examine independent relationships between pGSN and other covariates, and univariate survival analysis using Kaplan-Meier curves with log-rank tests after dividing baseline pGSN values on the basis of median and tertile values. Patients censored for recovery of renal function (n ϭ 4), voluntary discontinuation of dialysis (n ϭ 3), or loss to follow up (n ϭ 9) were Ͻ11%.
Case-Control Sample.
We used two-sample t test and Fisher's exact test to compare demographic and laboratory characteristics at dialysis initiation among patients and controls. We used multivariable logistic regression models to examine the independent association between baseline pGSN and all-cause, cardiovascular, and infectious causes of 1-yr mortality. We included covariates previously associated with mortality on dialysis from previous studies 54, 55 and those significantly different among patients and controls in the study presented here. We adjusted all models for C-reactive protein levels. Data points on individual covariates were missing in Ͻ5% of patients; for the multivariable logistic regression analyses, these covariates were treated as categorical variables with an additional category for missing values. Various imputations of missing data were also examined but these did not change the results. We examined the relationship between pGSN, circulating actin, and outcomes given the biologic relationship of these two measures. In exploratory analyses we examined first-order interactions between pGSN and covariates (pGSN ϫ covariate) in univariate and multivariable models, and stratified models were presented when an interaction with P value Ͻ0.10 was detected. We also performed likelihood ratio 2 testing, comparing models with and without the interaction terms as a formal test for interaction.
The Institutional Review Board of the Massachusetts General Hospital approved all of these protocols. All analyses were performed using SAS 9.1 (Cary, NC), and two-sided P values Ͻ0.05 were considered statistically significant.
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